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ABSTRACT 
Human  endometrium  taken  during  the  early  to  mid-secretory  portion  of the  menstrual 
cycle is studied  with  the electron microscope.  A  description  of the nucleolus is given.  In 
addition,  an unusual structure within the endometrial cell nucleolus is described, consisting 
of amorphous matrix,  150-A dense granules, and a series of tubular channels. This structure 
is named  the nucleolar channel system. A  description is given of the geometric variability 
of the nucleolar channel  system,  its contents,  and  its relationship  to  the cytoplasm.  The 
morphologic basis for  a  nucleolar-cytoplasmic interrelationship  ~a  the nucleolar channel 
system is described. Some of the implications of this relationship are discussed. The work of 
previous investigators on the nucleolar channel system is discussed. 
The purpose of this paper is to describe an unusual 
structure  which  appears  in  the  nucleolus  of the 
human  endometrium  during  the  secretory  phase 
of  the  menstrual  cycle.  Within  the  recent  past, 
this endometrial nucleolar structure  has been de- 
scribed  by  several  investigators  (3,  4,  I 1).  How- 
ever, very little is yet known of its possible signifi- 
cance.  A  detailed  description,  at  this  time  of 
studies utilizing advances in  technique will allow 
a  closer  approximation  to  the  nature  of  this 
structure. 
MATERIALS  AND  METHODS 
Human endometrial tissue was obtained  at the time 
of operation for vaginal hysterectomy or by suction 
biopsy in cases of infertility. No specimens were in- 
cluded  from  patients  with  abnormal  bleeding  or 
intrinsic uterine disease.  Tissue was fixed in 4~  per 
cent  glutaraldehyde  in  phosphate  buffer  or  normal 
saline for  1 hour.  It was  placed next in  1 per cent 
OsO4  in phosphate  buffer  for  1 hour without  prior 
rinsing.  Then  the  tissue  was  rapidly  dehydrated  in 
cold, graded  alcohols according to the procedure  of 
Ito (6),  modified as previously noted  (19).  Following 
this,  the tissue  was  placed successively in propylene 
oxide,  a  mixture of propylene oxide and  Epon,  and 
Epon  alone,  in  the  usual  way,  before  placing  it  in 
the oven. Blocks were cut on an LKB ultramicrotome 
and thin sections viewed with a Siemens Elmiskop I. 
Sections were stained with lead citrate  according to 
Reynolds  (15)  or  successively  with  lead  citrate, 
saturated uranyl acetate,  and lead citrate. 
OBSERVATIONS 
A  survey  electron  micrograph  (Fig.  l)  of  a 
sagitally sectioned endometrial gland in the early 
secretory  phase  of  the  menstrual  cycle  reveals 
that the epithelium is still pseudostratified  colum- 
nar.  The  nuclei  of  the  endometrial  secretory 
epithelial cells contain  prominent,  dense  nucleoli 
which may be multiple (Figs. 1 and 2). Occasional 
ciliated cells persist  although  they  are  more  evi- 
dent  in  the  proliferative  phase.  The  epithelium 
rests upon a thin basement membrane and overlies 
a  loose connective tissue  stroma.  In  sections,  the 
numerous  fibrocytes  show  relatively  little  cyto- 
plasmic  area  as  compared  to  the  nucleus.  The 
endometrial  gland  lumen  is  seen  to  contain  an 
amorphous  material  of low to moderate  electron 
293 FmURE 1  A survey electron micrograph of a sagitally sectioned endometrial gland in the early part of 
the secretory phase.  The secretory cells  (S)  are still in a  pseudostratifled columnar arrangement, and 
their nuclei (N) contain prominent, dense nucleoli (NU) which may be multiple. Occasional ciliated cells 
(Ci) persist at this time and border on the gland lumen  (L) which contains an amorphous material of 
low density. The connective tissue stroma (ST)  contains collagenons bundles and flattened fibroeytes, 
X ~160, Xq~IGURE ~  A group of endometrial secretory cells showing their relatively large, oval-to-spherical nuclei 
(N).  Several nucleolar channel systems (NC8) are seen at the periphery of the nucleus.  Note  how an 
arm of cytoplasm  (CI) invaginates into the nucleus, especially in proximity to the nucleolar channel 
system. Extensive glycogen deposits (GL) appear in  the  cytoplasm.  Nucleolus  (NU).)< 9450. 
FIGURE 3  A portion of  an endometrial secretory cell  nucleus  (N)  and  cytoplasm  (C).  The  nucleolar 
channel system (NC8) is in the form of a hollow sphere in this case. Glycogen (GL). Nuclear membranes 
(NM). Interlocking cell membranes (CM).)<  33,000. opacity (Fig. I). A general description of the endo- 
metrial cells  at  different times during the  men- 
strual cycle will be reserved for another work. 
At somewhat higher power (Fig. 2),  the endo- 
metrial nuclei are  seen to be irregularly oval or 
sometimes spherical and bounded by well defined 
inner and outer nuclear membranes (Fig.  3)  be- 
tween  which  is  the  perinuclear space.  In  these 
interphase nuclei, the chromatin is arranged about 
the  periphery  near  the  nuclear  envelope  or  is 
randomly dispersed in greater or smaller clumps 
within the nucleoplasm. The general shape of the 
nucleolus is irregularly oval to spherical. Within 
the nucleolus (Fig. 4) are found three main com- 
ponents: 150-A dense granules, 50- to 75-A fibrils 
which appear double-stranded, and an amorphous 
matrix material which varies in density from very 
low to great. The distribution of the dense gran- 
ules is quite irregular, and if one studies the micro- 
graphs  carefully it is  apparent  that  the  granule 
population  varies  considerably,  from  relatively 
great to moderate to  almost none in some areas. 
The same is true of the population of the fibrils 
and  the  distribution of  the  amorphous  matrix 
material. However, the fibrils are even more wide-- 
spread  over the entire nucleolus than the  150-A 
granules, appearing wherever  there  are  granules 
and in many areas in which there are no granules, 
but  being much  diminished in  areas  in  which 
granules and matrix material are also diminished. 
The amorphous matrix material varies in its den- 
sity, being of either great or moderate density when 
in  relation to both granules and fibrils or to  fi- 
brils alone. 
During the  secretory  phase  of  the  menstrual 
cycle,  a  peculiar  structure  appears  within  the 
substance of the  endometrial nucleolus (Fig.  5). 
This structure,  which  will henceforth  be  called 
the  nucleolar channel system,  consists of matrix, 
intensely staining granules, and tubular channels. 
The  amorphous matrix between the channels of 
this system is as opaque as the most dense, amor- 
phous material in the rest of the nucleolus. Just 
peripheral  to  this  matrix material is  a  variable 
number of rows of very intensely staining granules 
about  150  A  in diameter.  These  granules stain 
more intensely than the  150-A granules found in 
the  rest of the  nucleolus (Figs.  5  to  8).  Within 
the dense matrix material is a system of channels. 
The  numerous  channels  within  the  nucleolar 
channel system branch and anastomose (Fig. 8). 
They are tubular in form, about 500 to 600 A in 
diameter,  and  are  bounded  by  a  triple-layered 
membrane, 50  to  70  A  wide,  composed  of two 
dense lines 15  to  25  A  wide between which is a 
less dense area 15 to 20 A wide (Figs.  9 and 10). 
Within the tubules are an amorphous material of 
low to moderate density, dense granules ranging 
in size from 50 to 150 A, and fibrils about 50 to 75 
A in diameter. The fibrils are composed of thin, 
dense strands 17 to  18 A wide surrounding a less 
dense area  18  to  40  A  wide  (Figs.  9  to  11).  At 
high power, it is sometimes possible to see the less 
dense area pursuing an S-shaped course between 
the denser strands, indicating a helical configura- 
tion  (Fig.  11).  The  dense  granules  within  the 
nucleolar channels are more often 50 to  100 A in 
diameter,  but  many  sections  show  occasional 
150-A  granules. These dense granules sometimes 
have a  less dense central portion and,  therefore, 
appear ring-shaped (Fig. 5). 
The nucleolar channel system varies in shape. 
It may be that of a solid  ellipsoid or sphere (Fig. 
5), or of a relatively thin, hollow sphere (Fig. 3). 
Sections cut in various planes indicate that  the 
nucleolar channel system may also be in the form 
of a torus or ring. Evidence to support this latter 
point comes from figures such as Fig. 6 in which 
it is possible  to see two separate arrangements of 
channels in cross-section  and Fig. 7 which reveals 
a cyclotron-like arrangement. A definitive demon- 
stration will require serial observations. 
In a given nucleus there may be more than one 
nucleolar  channel  system,  the  several  systems 
being widely separated from one another. 
The nucleolar channel system quite often is at 
the  periphery of the  nucleolus (Figs.  5  and  8). 
This is important to keep in mind since, depending 
upon the  plane of section, the  remainder of the 
nucleolus may or may not be included. The pos- 
sibility is not excluded that the nucleolar channel 
system may, at times, be separate from the nucle- 
olus. Another frequent finding is the invagination 
of a  small amount of cytoplasm into the nucleus 
(Figs.  2, 5 and 6). In these instances, the nuclear 
envelope is intact and there is no contact between 
nucleoplasm and cytoplasm. On the other hand, 
when the nucleolar channel system is adjacent or 
in direct relation to the inner nuclear membrane, 
the  tubular channels appear  to  be in continuity 
with the perinuclear space  (Fig. 9).  The latter is 
known to  be  continuous with  the  cavity of the 
granular  endoplasmic  reticulum.  In  one  case 
(Fig. 9),  the nuclear envelope shows  an opening 
not bounded by  a  diaphragm which  allows for 
296  THE JOURNAL OF  CELL BIOLOGY • VOLUME ~,7,  1965 FIOUR~. 4  This high-power view of a single nucleolus in a secretory endometrial cell shows the compli- 
cated distribution of its three components: 150-A granules (G), 50- to 75-A double-stranded fibrils (ar- 
rows), and amorphous matrix.  A, dense matrix in relation to granules and fibrils. B, moderately dense 
matriY in relation to granules and fibrils. A', dense matrix in relation to fibrils. B', moderately dense 
matrix in relation to fibrils. Careful study reveals that the fibrils are more widespread than the 150-A 
granules. X  95,000.  Inset: This enlargement of a small portion of Fig. 4 readily shows the double-stranded 
fibrils. X  495,000. FIGURE 5  A portion of an endometrial secretory cell nucleus (N), nucleolus (NU), and cytoplasm (C). 
Note that the nucleolar channel system (NCS) is located at the periphery of the nucleus.  Note also that 
a  cytoplasmic arm  (C/)  has pushed its way into the nucleus.  The nucleolar channel system is cross- 
sectioned showing a large number of channels (NC)  in circular profile about 500- to 600-A in diameter. 
Within the channels are amorphous material of low density and small granules. One granule (arrow)  has 
a hollow central portion giving it a ring-shaped appearance. The channels are embedded in a rather dense, 
amorphous matrix material (M). Just peripheral to the matrix is a  row of very densely staining 150-A 
granules (DG). Note the difference in staining of these granules and those in the remainder of the nucleo- 
]us. Perinuclear space (PNS).  X  79,000. FmURE 6  A portion of an endometrial cell nucleus (N) and cytoplasm (C). The nucleolar channel system 
(NCS) appears as two units in this cross-section. Note the dense granules 50- to 150-A in diameter in the 
interior of the individual channels. A cytoplasmic invagination (CI) is seen in close  proximity to the 
nucleolar channel system. In these instances, the nuclear envelope is intact and there is no contact between 
nuclcoplasm and cytoplasm. Glycogen (GL). X  ~6,500. 
FmtraE 7  A portion of an endometrial nucleus (N) showing a nucleolar channel system (NCS) within the 
nucleolus (NU). The cyclotron-like configuration of the nucleolar channel system in this sagittal section 
and the cross-sectional configuration in Fig. 6 lend support to a torus form as a  variant in the shape of 
this structure. X  43,000. direct  communication  between  the  cytoplasm 
and  the matrix of the nucleolar channel system. 
A  typical nuclear pore  would be bounded by  a 
thin  diaphragm.  Another  uncommon finding is 
that the nucleolar channel system may appear to 
evaginate from the nucleus while still covered by 
by the nuclear envelope. 
DISCUSSION 
With regard  to  the general uhrastructure of nu- 
cleoli,  several interesting observations have been 
made  in  the  recent  past.  Electron  microscope 
histochemical  analyses by  Marinozzi  (8),  Mari- 
nozzi  and Bernhard  (9),  and  Schoefl  (16)  have 
demonstrated that the  150-A dense granules and 
the  50-  to  100-A  fibrils located  in  nucleoli are 
ribonuclease--sensitive. These  investigators have 
also  shown that  the  amorphous matrix material 
in the nucleolus is susceptible to pepsin digestion, 
at  least  in  part.  Schoefl  feels  that  specific  cell 
differences may exist in the chemical composition 
of this amorphous, nucleolar matrix material. 
In  the  present  study,  the  description  of  the 
nucleolus, apart from the channel system,  empha- 
sizes that there is an unpredictable distribution of 
the component parts. This finding is persuasive in 
discouraging a  somewhat arbitrary assignment of 
zones or regions in the nucleolus as in the work by 
Schoefl. 
The nucleolar channel system described in the 
present work is interesting in several respects.  The 
most striking feature is the degree of organization 
in a portion of the cell which is noted for its un- 
organized arrangement of component parts.  The 
individual channels are  not simply areas  of low 
matrix density, but are true channels with a well 
defined  triple-layered membrane.  The  channels 
branch  and  anastomose  and,  therefore,  possibly 
constitute  a  continuous  system.  Furthermore, 
there appears to be some tropism exerted between 
the nucleolar channel system and the cytoplasm as 
evidenced by the  invaginations  of the  cytoplasm 
into the nucleus in close proximity to the nucleolar 
channel  system.  This  study  demonstrates  that 
there  is  a  morphological  basis  for  a  nucleolar- 
cytoplasmic interrelationship. As illustrated in Fig. 
9, this interrelationship is of two kindsl The more 
frequent finding is the continuity of the nucleolar 
channels with  the  perinuclear space  which  ulti- 
mately communicates with the cavity of the granu- 
lar endoplasmic reticulum. This latter relationship 
should be regarded as a fortuitous observation. It 
appears  that  the  nucleolar channel  membranes 
can be oriented perpendicular to the nuclear mere- 
branes,  thereby  making  it  very  improbable  to 
simultaneously  section normal to both sets of mem- 
branes. Therefore, it may well be that every nu- 
cleolar channel can be in continuity with the peri- 
nuclear space. The second but quite rare finding is 
a more direct communication between the matrix 
of  the  nucleolar channel  system  and  the  cyto- 
plasm.  This communication is  not  via  a  nuclear 
pore, but through an open gap, not a break in the 
nuclear envelope. 
The material within the nucleolar channels is of 
interest also. Dense granules, ranging in size from 
50 to 150 A, as well as 50- to 75-A fibrils, are found 
within  the  channels.  The  uhrastructural  simi- 
larity of the  150-A granules and the 50-  to 75-A 
fibrils in the  nucleolar channels to  the  granules 
and fibrils in nucleoli of different cell types is ob- 
vious. These latter granules and fibrils were found 
to be ribonuclease-sensitive as noted (8, 9,  16). It 
is,  therefore,  highly suggestive  that  the  granules 
and fibrils within the nucleolar channels are RNA- 
containing. The author is now engaged in enzyme 
studies to clarify this question. 
Just  peripheral  to  the  nucleolar channels are 
rows  of  150-A  dense  granules.  These  granules 
clearly show a  staining different from that of the 
granules within the  remainder of the  nucleolus. 
The greater contrast of these granules is not a com- 
positional illusion, for the granules overlie a matrix 
which is comparatively as dense as that underlying 
the 150-A granules in the remainder of the nucleo- 
lus. This staining difference may indicate a differ- 
ence in chemical composition between these  two 
populations of 150-A granules described above. 
Attention will now be  turned  to  the  work  of 
previous  investigators on  the  nucleolar channel 
system.  As mentioned above, this peculiar struc- 
ture is a  relatively recent finding. Clyman (3,  4) 
determined that the nucleolar channel system in 
endometrial cells appeared in the secretory phase 
of the menstrual cycle at  any time between the 
16th  and 26th days, that it developed within the 
nucleolus, appeared to separate from the nucleolar 
matrix,  and migrated  to  the  nuclear membrane 
where it pushed out as a bleb-like mass, but always 
covered by the nuclear membranes. Clyman felt 
that, in some undefined way, the nucleolar channel 
system  is related to  the preparation of the endo- 
metrium for the fertilized ovum. Since such prepa- 
ration is a part of the primary role of the uterus, no 
one will argue this point, but a closer definition of 
function is obviously in order to aid future study. 
In the  present study,  it is pointed out  that  the 
nucleolar channel system appears  usually at  tile 
300  THF  JOVIAL  OF  CELL  BIOLOGY • VOLW~  ~7,  1965 l~GtmE 8  A portion  of the nucleus  (N)  and  cytoplasm  of an endometrial  cell. The nucleolar channel 
system  (NCS)  within  the nucleolus  (NU)  is at the periphery  of the nucleus. The individual  channels 
branch  and anastomose.  The 150-A granules  (DG) in the peripheral  portion  of the nucleolar  channel 
system  are more intensely  staining  than those in the remainder  of the nucleolus. Glycogen (GL).  Cell 
membranes of adjacent cells (CM).  X 40,500. 
periphery of the nucleolus. Although it is a possi- 
bility that the channel system is separate from the 
nucleolus  in  some  cases,  this  observation  very 
much depends upon the plane of section and must 
be  definitively determined  by  serial  sections.  In 
addition,  an  uncommon  finding  in  the  present 
study  is  that  a  nucleolar  channel  system  may 
evaginate from the nucleus while retaining a cover 
of the nuclear membranes. In the work by Clyman, 
no  indication of the  frequency of this  latter  ob- 
servation was given. Moricard and Moricard  (11), 
who  also  described  this  nucleolar  structure  in 
human endometrium in the secretory phase of the 
menstrual cycle, declined to assign  any metabolic 
role to this structure before further study. 
Before turning to certain questions regarding the 
significance of the nucleolar channel system, some 
consideration will first be given to nucleolar func- 
tion. Busch et al. (1), in a recent paper, emphasized 
that the nucleolus is an important center for RNA 
et al.  (1)  suggest that the nucleolus does not func- 
tion  simply as  a  storehouse  for ribonucleic acids 
that  are  synthesized  on  the  chromatin,  since  a 
metabolic block of most of the RNA synthesis in the 
nucleus does not affect the rate of RNA synthesis 
in the nucleolus. The experiments by Perry et al. 
(12-14)  suggest that RNA synthesized in or modi- 
fied in the nucleolus accounts for a large propor- 
tion of the  RNA synthesized in  the  nucleus  and 
especially that  which  is  transferred  to  the  cyto- 
plasm. The following questions arise: Is the nucleo- 
lar channel system described here involved in the 
metabolism  of  RNA-containing  material:  e.g. 
messenger RNA,  ribosomal RNP,  or subunits  of 
ribosomal RNP?  It will be recalled that  some of 
the dense  granules in  the nucleolar channels  are 
smaller than  150  A.  These may possibly be sub- 
units of ribosomal RNP.  Is the nucleolar channel 
system simply a  transporting mechanism for ma- 
terials made elsewhere in the nucleus or nucleolus? 
Does the material seen within the nucleolar chan- 
nel system influence the  activity of the cell with 
respect to a specific cell product or some mediator 
of a  cellular process,  e.g.  an enzyme system?  The 
possibilities are quite numerous.  It has been dem- 
onstrated  histochemically by  McKay  et  al.  (1  0) 
JOHN A. TERZAKIS Nucleolar Channel System  301 F,G~n~E 9  This high-power view of an endometrial cell nucleus (AT) and cytoplasm (C) shows the nucleo- 
lar channel system (NCS) on the periphery of the nucleus. The individual channels have a  triple-layered 
membrane 50 to 70 A  wide  (MC) consisting of two dense lines 15 to ~5 A  wide between which is a  less 
dense area  15 to  g0 A  wide.  50- to  75-A fibrils  (~--)  are seen in the interior of the channels. There is a 
communication (CO) between a  channel and the perinuclear space (PNS). Just adjacent  to  this is an 
open gap (~-)  in the nuclear membranes, not bridged by a  diaphragm, which puts the cytoplasm in direct 
communication with the matrix (M)  of the nucleolar channel system. Dilated sac of the granular endo- 
plasmic reticulum (GER). X  115,000. FIGURE  10  A  high-power view of a  nucleus (N)  and nueleolar channel system (NCS) of an endometrial 
cell.  The  nucleolar channels are  bounded  by  a  well  defined triple-layered  membrane (MC). Within  a 
channel, a  long fibril is outlined by the arrows. This fibril is composed of two dense strands 17 to  18 A 
wide surrounding a  less dense area 18 to 40 A wide.  )<  115,000. 
FmURE 11  This enlargement of a  portion  of Fig.  10  shows that  the fibril  outlined  by  the arrows  is 
composed of dense outer strands surrounding a  less dense area.  The less dense area sometimes pursues 
an S-shaped course indicating a  helical configuration.  X  ~6~,000. that  glycogen  and  glycoprotein  are  increased  in 
the  human  endometrium  in  the  secretory  phase 
of  the  menstrual  cycle.  Quantitative  determina- 
tions  by Hagerman  and Villee  (5)  substantiate  a 
marked increase in glycogen content in the secre- 
tory phase.  In addition,  several enzymes show an 
increase in activity in the secretory phase,  among 
them  acid  phosphatase  (10)  and  phosphorylase 
(20).  It does not seem probable that the influence, 
if any, of the nucleolar channel system on cellular 
metabolism  would  be  on  cytoplasmic  RNA  syn- 
thesis, for qualitative studies by Stein and Stuermer 
(18)  indicate  that  the RNA content of the endo- 
metrium  diminishes  in  the  secretory  phase  after 
reaching a  peak in the late proliferative phase.  In 
any  event,  the  appearance  and  disappearance  of 
the nucleolar channel system very closely coincides 
with the rise and fall of progesterone levels as well 
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